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I. INTRODUCTION
Vibratory movement is one of the most efficient methods of conveyance of granular and particulate materials. Vibratory conveyors are widely applied in many technological processes involving gravimetric transport, processing, and dosing of granular materials. From the macroscopic point of view, the process of vibratory conveyance is based on recurrent micro-throws of particles of the material being conveyed [1] - [4] . Vibrations of the load (vibratory trough), i.e. of the carrying element, the so called load carrying element (LCE), containing the material cause movement of particles of the material, therefore the material obtains the character of a viscous fluid and as such becomes suitable for conveyance, dosing, or further processing. The elastic connection of LCE to the carrying support is usually realized by tilted plate springs or by the springs made of composite materials (fiberglass), as shown in Fig. 1 .
The size and shape of the micro-throws are dependent upon the frequency and amplitude of vibrations of LCE. In recent times, the operation of these conveyance systems in the region of mechanical resonance has become very interesting since in this regime a relatively small energy is required for maintaining the system in the oscillatory state. Resonant vibration transporters having electromagnetic drives are used very often in these applications.
The driving element is in fact an electromagnetic vibratory actuator (EVA) which enables in various ways [1] , [5] the incremental displacements of the LCE. Fig. 1 shows a process of conveyance of particles of the material being conveyed. The process is characterized by three phases. In phase (I) there is static equilibrium i.e. standstill. The excitation current through coil EVA is zero and the elastic springs of the system are strained only by the weight of the vibratory trough and the material it contains. The whole system is in the state of static equilibrium, i.e. in the initial position for starting to move. In phase (II) a current pulse of predefined amplitude and duration flows through coil EVA, armature EVA is pulled closer and the elastic springs are additionally strained. Work of the electromagnetic force EVA is converted to potential energy of the system which consists of the conveyance mass and elastic springs. The conveyed material is still on the LCE surface. In phase (III), current through EVA coil is discontinued and the accumulated potential energy is converted to the kinetic energy of the moving LCE, which is followed by displacement of the conveyed material. If the frequency of the excitation current pulses is tuned to a value close to the mechanical resonance of the system, it is possible to achieve high efficiency and accomplish significant vibratory energy of the conveyance, i.e. a high capacity of the conveyance, at the expense of a very small consumption of electrical energy. In addition, the absence of any group of moving parts (bearings, eccentrics, transmission belts, rotating parts, etc.) is of considerable significance as regards the minimization of the maintenance costs.
By a suitable control of the conveyor's excitation force, which is obtained by means of EVA, it is possible to accomplish both amplitude and frequency control of the vibratory conveyance. In this way the whole conveyance system behaves like a fully controlled mechanical oscillator. For most of the vibratory conveying drives of this type the range of amplitudes is from 0.1mm up to 5mm and the range of operating frequencies is from 5Hz up to 150Hz, depending upon the type of the conveying material and load [6] .
II. POWER CONVERTER IN VIBRATORY CONVEYING
Application of vibratory drives in combination with power converters provides a significant flexibility in fulfilling the requirements for conveyance of granular materials. At present, thyristors and triacs are used as standard semiconductor output power stages for driving electromagnetic vibratory conveyors. Their application implies adjustment of vibratory width (double amplitude of the oscillations) of the LCE by means of phase control, i.e. regulation of the phase angle * α [7] - [10] . Basic topologies of the standard power converters, together with the corresponding waveforms of the EVA current and voltage, are shown in Figs. 2 and 3 .
One type of these converters -unidirectional, having pulsating dc output current, makes use of only one half-period of the mains voltage. It is realized by using one thyristor, as shown in Fig. 2(a) . In this type of converter the tyhristor is triggered only during positive half-periods, as indicated in Fig.  2(b) . In this way the mains voltage of frequency 50(60) Hz at the input of the converter is converted to a pulsating dc current which supplies EVA coil. By applying this control it is possible o obtain a discrete frequency spectrum of the input current: 50(60)Hz, 25(30)Hz, 16.66(20)Hz, 12.5(15)Hz, 10(12)Hz, 8.33(10)Hz, i.e. a spectrum of discrete vibrations of LCE: 3000(3600) cycles/min, 1500(1800) cycles/min, 1000(1200) cycles/min, 750(900) cycles/min, 600(720) cycles/min, 500(600) cycles/min.
Another type of converter-bidirectional or alternating output current converters, make use of both half-periods of the mains voltage. It is designed by using triacs and, by using anti-parallel connection of thyristors for high powers, as shown in Fig. 3(a) . With this type of converter the mains voltage of frequency 50(60) Hz is converted to an alternating current of the frequency which is the same as the one which supplies EVA coil, as shown in Fig. 3(b) .
Since the excitation force of EVA coil is function of the square current flowing through the coil [9] , [11] , [12] , with the first type of converters one generates excitation force of the maximum frequency 50(60) Hz producing vibrations of 3000(3600) cycles/min, whereas with the second type of converter the maximum frequency of the excitation force is 100(120) Hz producing vibrations of 6000(7200) cycles/min. Application of the phase controlled thyristor or triac converters in vibratory conveyance implies a fixed frequency of vibrations, imposed by the supply network frequency. A serious problem arises when the mass of the conveying material is changed, i.e. mechanical resonance of the system has changed. In such case the vibratory system will not operate efficiently. It is possible to tune amplitude but not the frequency of the vibrations. In addition, the thyristor converter brings in a dc component and undesirable higher harmonics. Application of triacs results in somewhat better situation as regards the harmonic content, but the same problem arises if the resonant frequency is changed. Variation of the mechanical resonance due to variation of the mass of the conveyed material, or even variation of the system parameters (characteristics of the springs, damping, etc.), leads to reduction of efficiency of the vibratory drives. In order to accomplish an optimal and efficient operation at a new resonant frequency, it is necessary to change the frequency of EVA supply current, i.e. of the excitation force of the vibratory conveyor.
The work on application of high-frequency (HF) transistor converters for obtaining sinusoidal current through EVA coil has been intensified recently. Like with thyristor converters, one can talk of unidirectional and bidirectional types, depending whether a pulsating dc current or an alternating excitation current is accomplished [9] , [10] , [12] . Mainly, the three topologies, shown in Fig. 4 , have been accepted.
The topology consisting of two switches and two return diodes is used in designing the unidirectional type of converters, i.e. the asymmetric half-bridge, while the full-bridge and half-bridge topologies are used for designing the bidirectional type of converters. The required sine-wave (half-wave) can be realized by these topologies if the applied current control is based on tracking the reference sine-wave of adjustable length, amplitude, and frequency. This method of generation of the excitation current has the advantage in that it allows independent tuning of the frequency and amplitude of the electromagnetic excitation force f. The switching converter described in [9] , despite its advantages, suffers from a serious shortcoming that at high frequencies its switching losses become dominant. In addition to these losses, the losses in iron of the magnetic circuit and in copper of EVA coil become also significant. This reduces the efficiency of the vibratory conveyor and it is not unusual that the power of losses in the system converter-EVA-vibratory drive is higher than the power required for maintaining the resonant oscillatory mode. This reduces considerably the efficiency of the drive as a whole. By a suitable control of the switches in these topologies, it is possible to overcome this problem and accomplish the expected vibratory effect, i.e. the required amplitude of LCE oscillations and optimal operating frequency of the vibratory conveyor.
III. MATHEMATICAL MODEL OF THE VIBRATORY CONVEYOR WITH ELECTROMAGNETIC DRIVE
A typical vibratory conveyor in a system of dosing granular material is shown in Fig. 5 . It consists of a load carrying element (LCE) -1, electromagnetic vibratory actuator -EVA as the source of the excitation force, and elastic elements -2. Standard structure of these elements is lamellar, made of steel sheets. Recent practice is to use flexible elements made of composite materials (Fiberglass). These elements are fastened stiff to the base -3, which rests on rubber supports -4 elastically with respect to the surface supporting of the mechanism. EVA consists of: a magnetic core -5, closed in an electrical coil -6, and an armature -7, which is fixed to a movable LCE, i.e. vibrating trough -8 along which the material is being conveyed. Electromagnetic driving force f generated by EVA acts upon the armature, i.e. upon the vibrating trough. The vibratory displacement is detected by a noncontact inductive sensor -9. The material which is dosed is brought to the LCE from a storage hopper -10. Adjustment of the material inflow is accomplished by a movable shutter -11 which is placed at the bottom of the hopper.
For defining control strategy of the vibratory conveyor, it is required to analyze the electromagnetic and mechanical parts of the system. Detailed dynamic model of the LCE supported by elastic springs, presented in [7] , [8] and [13] , [14] , is of the form: defines the excitation force acting on the LCE [7] [8] . Equation (1) indicates that the mechanical system has four resonant modes. It should be mentioned that for the range of interesting vibrations, all four modes are not of interest. In practical applications the largest contribution to moving the LCE has a dominant oscillatory mode, coming from high quality composite springs and related to the displacement p [7] :
where 0 ω (rad/s), ξ , and p K denote the resonant frequency, damping factor, and static gain, respectively. The electromagnetic part is represented by the vibratory actuator EVA as the generator of the excitation force f which is, through the electromagnetic field in the air gap between the inductor and armature, transferred to LCE. Detailed model of EVA, presented in [5] and [7] , [8] , can be represented in the form:
where c R represents active resistance and
Quantities p , i , and u represent the displacement of the LCE with respect to the unmoving support, EVA current, and EVA voltage, respectively. The bronze disk with thickness d doesn't permit inductor to form a complete magnetic circuit of iron; in other words, it inhibits "gluing" of armature and inductor, which is undesirable. In the real cases is 0 d p << . Mechanical force f produced by the electromagnetic action of EVA coil acts on its armature which is a constituent part of LCE. If the short excitation current pulse for EVA is synchronized with the instant when the armature is passing through the equilibrium position, i.e. when (3) in the vicinity of the operating point can be represented as:
Parameter R′ represents the equivalent resistance which is dependent on the speed of displacing of the LCE and gradient of the coil inductance at the operating point, given by relation:
Taking into account that the excitation current pulses of EVA are short (of the order of several ms), it can be assumed that the equivalent time constant
is much longer than their duration. On the basis of this, it can be concluded that (6) can be neglected. Finally, the approximation of equation (6) is given by:
As already mentioned, the pulse excitation is, from the energy point of view, the most suitable method of excitation of electromagnetic resonant conveyors [8] . Owing to the predominantly inductive nature of EVA coil, indicated by equation (8) , it is very simple, by applying a suitable control, to generate current pulses in this coil which are of the form of triangular half-waves. From the spectral point of view, a triangular current excitation is characterized by a high harmonic content (the fundamental harmonic 0 ω plus higher harmonics at frequencies 0 2ω , 0 3ω , ...). In view of equation (4), the excitation force is proportional to the square current, i.e.
, and it is concluded that it will contain the same harmonic spectrum. However, irrespective of the pulse excitation of LCE, the output displacement -p is a "smooth" sinusoid, as a consequence of the character of the mechanical part of the system, which, according to equation (2), attenuates higher harmonics for frequencies 0 ω ω > , as shown in [7] .
The relationship between the pulse duration and the amplitude increase/decrease is highly nonlinear. As the duration of current pulses -τ in practical applications is very small compared to the cycling period, its contribution can be approximated with a Dirac pulse. According to [15] the strength of the force pulse can be calculated as follows:
where i A represent the strength of excitation current pulses and coefficient
To achieve the higher efficiency, it is necessary to generate EVA current pulses at the appropriate moments, so that the amount of energy transferred to the mechanical system, for the given force strength (9), be maximal. This amount of energy can be expressed as:
From this equation it is clear that the current pulse to be generated at the moment when LCE velocity p  takes the maximum value i.e. when can be represented by function [15] :
In equation (11) s V denotes voltage of the DC power supply.
As a result of tuning the width of the control voltage D u at the output of the bridge converter, a triangular waveform of the current fed to EVA coil is generated. It will be shown later that the current pulse is generated in the way that the current pulse peak corresponds at the instant when the armature passes through the equilibrium position, i.e. when From what has been said so far, it can be concluded that the control circuit of Fig. 6 can be realized by introducing feedback in terms of EVA current. In this way it is possible to apply a programmed control of the current pulse strength i A by control of the maximum value of EVA current exciting the vibratory conveyor.
IV. CURRENT CONTROL OF THE ELECTROMAGNETIC VIBRATORY ACTUATOR
The strategy of current control by means of a switching converter is generally known in power electronics applications of power supplies [16] - [18] . Similar principle has been used for EVA excitation since it represents, as already shown, a predominantly inductive load. The principle diagram of the current control is shown in Fig. 7 .
The control circuit which provides control of the amplitude, length, and frequency of the triangular current half-wave is shown in Fig. 7(a) . The characteristic waveforms are shown in Setting the RS flip-flop FF is accomplished from a voltage controlled oscillator. By feeding signal from the oscillator to S input of flip-flop FF, the state of logical "1" is established at its output Q (output Q is at the state of logical "0"), i.e. switches 1 Q and 2 Q are turned on simultaneously. 
i.e. total time duration of the current pulse within one period is given by relation:
Based on equations (9) and (13) 
Change in the amplitude of oscillations in the resonant mode at frequency 0 ω is given by a relation: ). Fig. 9 shows in detail intervals A and B marked in Fig. 8 . Fig. 9(a) shows the case when amplitude of the excitation current is adjusted to value Therefore, in this case amplitude of the oscillations is about three times larger (or more accurately 3.2 times) which is in coincidence with the relations (13) and (15).
On the basis of the obtained waveforms, one concludes that under these conditions the excitation pulse approximately coincides with the instant the output displacement -p passes through the equilibrium position and that the amplitude of LCE oscillations is influenced by its duration.
By adjusting the amplitude and duration of the excitation current, it is possible to tune the intensity of LCE oscillations of a vibratory conveyor. In both cases, the maximum of the excitation current and zero displacement are in phase, which was to be expected since operation in the resonant mode was maintained.
On the basis of the obtained waveforms, one concludes that under these conditions the excitation pulse approximately coincides with the instant the output displacement -p passes through the equilibrium position and that the amplitude of LCE oscillations is influenced by its duration. By adjusting the amplitude and duration of the excitation current, it is possible to tune the intensity of LCE oscillations of a vibratory conveyor. In both cases, the maximum of the excitation current and zero displacement are in phase, which was to be expected since operation in the resonant mode was maintained.
Then, the simulation of the frequency control has been performed assuming that load of the conveyor is increased. The simulation results are shown in Fig. 10 . An interval of 10s was observed. Until to instant 2 t s = resonant mode with empty vibratory trough was established. The initial mass of the moving part, consisting of the trough support, trough itself, and . Fig. 11 (a) presents this interval in detail. At the instant immediately after s t 2 = , an abrupt increase of the vibratory troughl load of 30g was set to occur, i.e. The excitation frequency remained the same, but due to the change of the load mass, resonant frequency of the mechanical part of the system changed to value 49.5Hz. So there, was a mismatch between the excitation and resonant frequencies. The amplitude and time duration of the excitation current remained unchanged compared to those of interval A. Fig. 11(b) shows this interval in detail. It can be noticed that a significant phase shift exists between the maximum of the excitation current pulse and zero value of the sinusoidal displacement -p of LCE. If an increase of the amplitude of oscillations is to be achieved, it is necessary to increase the amplitude and duration of the coil current. This event is assumed to have occurred at instant 5 t s = . Amplitude of the excitation current is adjusted to shown in Fig. 11(c) .
The increase of the amplitude of oscillations compared to that of interval B is possible to achieve by retaining the same values of the amplitude and duration of the excitation current as those of interval B and by tuning the frequency of the excitation current pulse to the new mechanical resonance frequency 49.5Hz. Namely, by tuning the frequency of the excitation current signal to value 49.5Hz at instant t=9s, 
VI. PRACTICAL REALIZATION
A practically realized IGBT transistor converter for excitation of a vibratory conveyor having electromagnetic excitation is described in this section. Fig. 12 shows block diagram of the complete system.
The transistor converter for EVA excitation consists of an input full-wave rectifier comprising diodes D3-D6 and an output converter which serves for generation of the pulsating dc excitation current. In order to eliminate the noise generated by the converter, an EMI filter is inserted towards the network 220V, 50Hz.
In addition to the diode rectifier, the input AC/DC converter contains a circuit for power factor correction having at its output dc voltage 400V. The output converter for excitation of EVA coil, realized by using the asymmetric half-bridge - (1) . The over-current and over-load protection circuit is realized by the current protection -(7) block. The "intervening" system of protection is applied. Under normal conditions, the load current is programmed by the controller. In the case of a direct short circuit or overload, block (7) takes over. Measurement of the output displacement of the LCE and detection of its passage through the equilibrium position is accomplished by a non-contact inductive displacement sensor - (8) , operating in the displacement range ±5mm and frequency range 0-1kHz. The signal of this sensor is transmitted by an electronic amplifier -(9) and normalized to the 0-5V level.
VII. THE EXPERIMENTAL RESULTS
The experimental results are obtained with a realized laboratory prototype of the resonant vibratory conveyor having The influence of variations of the amplitude and duration of the current pulses on the displacement of the LCE, at resonant frequency 45.5Hz is shown in Fig. 13 . Fig. 13(a) . With a constant LCE load (i.e. no change of the resonant mode) and 50% change of the current pulses amplitude, almost 3.4 times higher current pulse strength, i.e. amplitude of the oscillations, is obtained. The obtained experimental result is in agreement with the simulation result shown in Fig. 9 . Fig. 14 shows the compensation of the change caused by a change of LCE load. Fig. 14(a) is a significant deterioration in the efficiency of the drive.
As can be seen from the oscilloscopic records in Fig. 15(a) , in the case of the operation with SCR converter, the moment of reaching maximum value of current impulse EVA is phase-shifted significantly from the moment when the armature passing through the equilibrium position i.e. 0 p p = . In that case there is a significant deviation from the optimal regime that is mentioned in section III. To maintain a constant amplitude vibration of LCE, strength of current pulses-i A (i.e. effective value of EVA current) is significantly increased. As a result there are increased copper-losses in the EVA coil.
Switch-mode power converter with proposed current control allows tracking resonant frequency and thus provides a better efficiency. In that case the current pulses of EVA are generated at the optimal moment, so that the effective value of current pulses i.e. strength of excitation current pulses-i A is significantly lower, as shown in Figure 15 (b) . This is particularly true in cases where the damping factor ξ is relatively small, which is very often in practice. Previous results were obtained for the damping factor 0.0085
In that case a sharp resonance peak of the transmission characteristics for the complete resonant vibratory conveying drive is obtained.
VIII. CONCLUSIONS
The paper presents a possible solution for the amplitude-frequency control of the resonant vibratory conveyor having electromagnetic excitation. The solution represents a considerable improvement compared to the conventional, phase controlled thyristor and triac drives. The basic shortcoming of the phase control is that it can only tune amplitude of the oscillations of LCE but not their frequency. The proposed EVA current control is based on the switching topology. This topology offers numerous advantages with respect to the conventional thyristor topology. The most significant advantage is the possibility of independent tuning of the amplitude and frequency of oscillations of the conveyor's LCE. As a result, it is now possible to track the resonant mode of a vibratory conveyance system with sufficient speed and precision.
The presented simulations and experimental results have shown that EVA current control resulted in a very efficient method for both amplitude and frequency control, which is essential for tuning the speed of conveyance of granular materials, and for frequency control, which maintains the resonant mode of the vibratory conveyor. The resonant mode is very important from the point of view of energy efficiency and minimization of energy consumption of the whole vibratory-conveyance drive.
By current control it has been achieved that a vibratory-conveyance system became a controllable mechanical oscillator, whose operation is independent of the supply frequency. 
